Abstract. Detached, symbiotic binaries are generally assumed to interact via Bondi-Hoyle-Littleton (BHL) wind accretion. However, the accretion rates and outflow geometries that result from this mass-transfer mechanism cannot adequately explain the observations of the nearest and best studied symbiotic binary, Mira, or the formation of some post-AGB binaries, e.g. barium stars. We propose a new mass-transfer mode for Mira-type binaries, which we call 'wind Roche-lobe overflow' (WRLOF), and which we demonstrate with 3D hydrodynamic simulations. Importantly, we show that the circumstellar outflows which result from WRLOF tend to be highly aspherical and strongly focused towards the binary orbital plane. Furthermore, the subsequent mass-transfer rates are at least an order of magnitude greater than the analogous BHL values. We discuss the implications of these results for the shaping of bipolar (proto)-planetary nebulae and other related systems.
INTRODUCTION
In 1596, an amateur dutch astronomer, David Fabricius, noted a star towards the constellation of Cetus that brightened and then completely disappeared. He assumed it was a nova, however, much to his surprise, the star mysteriously reappeared a few months later. In fact, what Fabricius had discovered was a pulsating variable star which, given its puzzling behaviour, was later named Mira which means 'wonderful' or 'amazing' (Hoffleit 1997) . Mira (o Ceti) is now considered the prototype for a class of long-period variables (LPVs) which undergo radial pulsations on the asymptotic giant branch (AGB). The optical magnitude of the star varies between 2 and 10 mag with a period of 332 days. Given its large luminosity, L ⋆ ≈ 10 4 L ⊙ , it was only in the late 1920's that a companion was discovered (Joy 1926) . The nature of the companion has been controversial; several authors argue that it is a main sequence star, e.g., Jura & Helfand (1984) , Kastner & Soker (2004) , while others argue that it is a white dwarf (WD), e.g., Warner (1972) , Reimers & Cassatella (1985) , Bochanski & Sion (2001) . More recent analysis of the rapid optical variability of Mira B appears to confirm the latter (Sokoloski & Bildsten 2010) .
Mira B is located ∼ 0.6 ′′ from Mira A, which corresponds to a projected separa-tion of approximately 70 AU (Karovska et al. 2005) . This large binary separation has two important consequences.
(1) The binary orbit is still highly uncertain (Prieur et al. 2002) ; hence many of the derivative parameters for the system, e.g., the orbital period (Π orb ∼ 400-1000 yr), eccentricity, stellar masses and accretion rates, are poorly constrained. (2) The large separation combined with the close proximity of the binary to us (∼ 110 pc, Whitelock et al. 2008 ) makes the system to be spatially and spectrally resolved from radio to X-ray wavelengths, with some surprising results. The first HST observations of the binary revealed a south-east asymmetry in the extended atmosphere of Mira A and a mass outflow from Mira A towards Mira B in optical and UV wavelengths, respectively (Karovska et al. 2004) . A faint bridge-like structure connecting Mira A to Mira B was also observed with the Chandra ACIS-S instrument during an X-ray outburst in 2005. The hard Xrays (0.7-2 keV) were localized on Mira B, while a new soft component (0.3-0.7 keV) was centred on Mira A -the first detection of X-rays from an AGB star (Karovska et al. 2005) . The apparent emitting region was approximately the size of the star's Roche lobe. The circumbinary envelope also exhibited a complex structure. Utilising the IRTF/MIRAC camera, the dusty region extending from 50 to 100 AU (approximately 10-20 times the size of Mira's photosphere) was mapped at 9.8, 11.7 and 18 µm. A strong asymmetry and possible dust clumps were detected towards Mira B, as well as a north-south asymmetry corresponding to that in the optical HST images (Marengo et al. 2001) .
Evidence for the apparent strong binary interaction in Mira was highly unexpected, especially since such detached binaries are thought to interact via BondiHoyle-Littleton (BHL) wind accretion rather than Roche-lobe overflow (RLOF). Mass transfer via the former results in the capture of a small fraction (a few %) of the Mira wind by its companion, whereas in the latter case, the star fills its Roche lobe and transfers material directly onto the companion through the inner Lagrangian point, L1. As the radius of Mira (R ⋆ ∼ 1-2 AU) is at least an order of magnitude smaller than its Roche lobe, logically, the slow, dense stellar wind, rather than the star itself, must be filling the Roche lobe. This suggests a new mode of mass transfer, which we call 'wind RLOF (WRLOF)'.
WRLOF results when the wind velocity at the Roche-lobe surface of the primary is less than the escape speed from that surface. Material is gravitationally confined to the Roche lobe and falls into the potential well of the companion through L1 (similar to standard RLOF). This is indeed likely in the case of Mira which has a very low outflow velocity, ∼ 4 km s −1 (Ryde & Schöier 2001) . However, WRLOF can also occur more widely in systems where the wind acceleration zone (i.e., the region where wind is accelerated beyond the escape speed, e.g., the dust formation radius in Mira winds) lies close to, or is a significant fraction of, the Roche-lobe radius. We demonstrate this mode of mass transfer utilising 3D hydrodynamic simulations. The numerical method is described further in Sec. 2. We present the results in Sec. 3 and conclusions in Sec. 4, with a discussion of the implications of this study for the binary Mira and related systems, e.g. barium stars, the progenitors of Type Ia supernovae and bipolar nebulae.
NUMERICAL METHOD
The binary is simulated using smoothed particle hydrodynamics (SPH), a Lagrangian method particularly suited to studying hydrodynamical flows with arbi-trary geometries. In SPH, the particles behave like discrete fluid elements, however each of their fluid properties, e.g. density, temperature, velocity, is the result of mutually overlapping summations and interpolations of the same properties of neighbouring particles. In this way, a continuous fluid is realized, i.e. from interpolations on a finite number of particles, physical fluid properties, which vary smoothly over all points in space, can be defined (for detailed reviews of the method, see Rosswog 2009 and Springel 2010) . Throughout this study we use a modified version of the 3D GADGET-2 SPH code (Springel et al. 2001; Springel 2005) .
The models consist of two point masses, a 1 M ⊙ Mira and a 0.6 M ⊙ WD, in a circular (e = 0) orbit. We model the binary in the co-rotating frame, i.e. the frame in which both stars are stationary. Consequently, in addition to the gravitational forces of the two stars, the Coriolis and centrifugal forces are also included in the momentum equation. We also incorporate a wind acceleration prescription physically motivated by Mira observations and including radial pulsations, radiative cooling, dust formation and radiation pressure on dust. A wide range of mass-loss rates and outflow velocities are achieved by injecting the wind particles at the oscillating surface of the Mira with a piston velocity between 2-5 km s −1 , a pulsation period of Π puls = 332 days, and various C/O ratios for carbon-and oxygen-rich dust (for details see Mohamed 2010).
The WD surface is not resolved in our study. Instead we include a point sink term in the wind particles' continuity equation to represent the gravitational attraction of the WD. As particles approach the WD, they lose mass and are accreted (i.e., are removed from the simulation) when their mass is reduced to a small fraction of their original mass as in Theuns & Jorissen (1993) .
RESULTS
We present two models of an oxygen-rich Mira (C/O = 0.89) losing 10 −6 M ⊙ yr −1 , with a dust formation radius at R dust ≈ 6 R ⋆ , and a slow wind with v w ≈ 4 km s −1 , similar to that observed in Mira. The outflow geometries, shown in Figures 1 and  2 , are characteristic of two different mass-transfer regimes: model M1 (binary separation a = 20 AU) exemplifies systems in which the dust forms beyond the Roche-lobe (i.e., R dust /R L 1) and model M2 (binary separation a = 60 AU), those in which R dust /R L,1 < 1.
Model M1 demonstrates mass transfer via WRLOF. The accumulation of wind material around the Mira creates a high density region, the shape and size of which corresponds to the primary's Roche-lobe (R L,1 ≈ 8.5 AU). In this case, the initially isotropic wind emitted by the primary has a velocity well below the escape velocity when it reaches the Roche-lobe surface, v esc (R L,1 ) = 14.4 km s −1 , thus it is confined and cannot escape from this volume in any given radial direction. Instead, the wind is channelled through L1 towards the companion. The stream is strongly focused towards the orbital plane both by the secondary's gravity and from collisions with gas being accreted from higher latitudes. Mass from the Roche-lobe stream accumulates around the secondary, to which it is now bound, forming an accretion disk. The companion accretes ∼ 50% of the mass lost by the primary -much more than the typical BHL fraction of a few percent.
As the wind travels towards the secondary, part of it is also deflected and lost through L2. This escaping material is shocked as it collides with material upstream of the accretor and forms a narrow spiral shock which winds around the binary. A Fig. 1 . The velocity flow structure in the stationary frame for models M1 (top) and M2 (bottom) in the orbital (xy) plane. The models consist of a 1 M⊙ oxygen-rich Mira (left asterix) and an accreting 0.6 M⊙ white dwarf (right asterix). The x-and y-axis labels are in AU units. second spiral shock emerges from the stagnation point located at approximately x=10, y=10 AU. It wraps around the primary and after less than one winding merges with the L2 spiral arm to form a single spiral shock. The compression of material along both spiral arms, and the final spiral shock enhances the density there, which in turn leads to dust formation (see Figure 3) . The result is a dust distribution which is characterised by high opacity dust arcs with low density dust cavities between them. Material in the circumbinary envelope is highly focused in the equatorial plane of the system, with the density there being several orders of magnitude greater than that at the poles.
The innermost dust shell in model M2 forms at a radius R dust ≈ 10 AU, well within the primary's Roche lobe (R L,1 ≈ 25 AU) (see Figure 4) . Thus, the dust condenses in a region largely unaffected by the presence of the secondary and forms a continuous and nearly spherical shell, rather than the arcs which were so prominent in model M1. Dust shells are periodically ejected on a timescale of ∼ 50 years, determined by the accumulation of gas at large radii due to pulsations and the subsequent dust formation process. The initially spherical shells become distorted in the vicinity of the secondary, where they are partially accreted. Eventually, as more gas flows past the secondary, an accretion wake forms. However, this wake is impacted by successive expanding shells, creating a dense region where dust again condenses in a clump just beyond the companion. As in previous models, the wake (and the adjacent dust arc/clump) begins to wind around the primary. From the flow geometry in Figure 1 , we see that the accretion flow onto the secondary is fed by two sources in the orbital plane -the expanding dust shell, as well as directly from the primary. If such a geometry persists in the steady state, each passage of a dust shell could result in significant fluctuations in the accretion rate onto the companion, which in turn could produce observable periodic changes in the secondary's luminosity. Although only a quasi-steady state is reached after 0.43 orbital periods (the accretion rate is still increasing), the mass-transfer fraction is approximately 10%, again greater than the typical BHL values (though by a smaller amount than in model M1).
DISCUSSION
The physical Mira system appears to exhibit characteristics of both models M1 and M2. While the stream connecting the two stars is a natural consequence of model M1, model M2 may additionally explain the enhancement of dust emission beyond the companion and the observed detached, dusty shells (Chandler et al. 2007) . The fluctuations in the accretion rate produced by the passage of these shells may account for the mysterious variability (with a ∼ 14 year period, e.g., Yamashita & Maehara 1977) exhibited by Mira B.
Finally, WRLOF has implications for several related systems; the much higher mass-transfer rates mean that even relatively wide symbiotic binaries could become potential Type Ia supernova (SN Ia) progenitors. While these systems are probably not common enough to account for all SNe Ia, they may account for some 'unusual' SNe, as for example SN 2002ic, which had a large amount of hydrogen in the immediate neighbourhood ejected in the progenitor's recent past. It has also been suggested that the distribution of this material was highly asymmetric -perhaps in the form of a flattened disk (Wang et al. 2004) .
Recent high resolution images from HST have revealed that the majority of nebulae show strong deviations from spherical symmetry. The bipolar nebulae which account for ∼ 15% of all planetary nebulae (PNe) and 50% of symbiotic Mira nebulae (Corradi et al. 2000) are observationally very similar, and in some cases it is not easy to distinguish between these two phenomena, e.g., Mz 3 and M2-9. Indeed, this is not surprising, as binary interaction is currently one of the favoured mechanisms for the formation of bipolar outflows (e.g., Generalised Interacting Stellar Wind (GISW, Kwok et al. 1978) . In the GISW model, if an equatorial density enhancement or even a circumstellar disk forms from the slow wind lost by the AGB star, then the fast ionizing wind (emitted by the WD companion in symbiotics, or by the newly exposed AGB core in PNe) will be greatly impeded in the equatorial regions, resulting in the formation of a bipolar nebula, e.g., OH231.8+42. As our simulations show, with WRLOF the mass loss from the system is strongly enhanced towards the orbital plane, producing essentially an equatorial outflow.
A further application of this mode is to the origin of post-AGB binaries, such as barium (Ba) + WD binaries. Ba stars are G or K type giants that have accreted s-process enriched material from their AGB (now WD) companion. Binary evolution models of Ba stars, which currently include the effect of tidal forces, mass transfer via RLOF, BHL wind accretion and common-envelope evolution, cannot fully reproduce the observed distribution of overabundances and eccentricities (e.g., Bonačić Marinović & Pols 2004) . Inclusion of the WRLOF mode in binary evolution models may reduce the discrepancies between the models and observations. The high mass-transfer rates compared to BHL wind accretion means that the observed large over-abundances can be produced and that the onset of dynamically unstable mass transfer by RLOF, and the resulting CE phase, may be delayed or avoided altogether. Furthermore, because mass transfer by WRLOF occurs without the strong tidal coupling characteristic of RLOF, a large amount of material can be transferred without circularizing the orbit. Thus, the eccentric systems observed at shorter orbital periods could also be produced.
